Introduction
The chemokine stromal-derived factor-1 (SDF-1, gene symbol CXCL12) and its receptor CXCR4 play critical roles in developmental processes of the nervous, cardiovascular, and hematopoietic systems.
1-3 SDF-1 is constitutively expressed by stromal, endothelial, dendritic, and other cells. [4] [5] [6] It stimulates the motility of hematopoietic cells, lymphocytes, and monocytes, 7, 8 thymocytes, 9 and mediates leukocyte adhesion to the vascular endothelium. 10 SDF-1 also influences the development of microglia, astrocytes, and neurons. 11, 12 CXCR4 serves as a coreceptor along with CD4 for Tcell tropic X4 HIV-1 strains. In vitro, SDF-1 can block X4 HIV-1 entry into CD4-positive cells by binding to and internalizing CXCR4. [13] [14] [15] [16] One single-nucleotide polymorphism (SNP), rs1801157 ( ¼ SDF1-3 0 A), in a conserved area of the 3 0 untranslated region was associated with resistance to infection in heterozygotes in the MACS cohort and with delayed onset of AIDS in HIV-1-infected homozygote seroconvertors; 17 however, subsequent work has reported opposite effects. 18, 19, 20 In addition, studies that examined the relationship between circulating levels of SDF-1 and HIV-1 disease progression have obtained contrasting results. [21] [22] [23] Similarly, other reports have proposed conflicting roles for SDF-1 in neuronal survival and apoptosis in patients with HIV-1 encephalitis. [24] [25] [26] [27] Molecular genetic epidemiological studies have identified polymorphisms in more than 20 human genes, including several chemokines and their receptors, that are associated with HIV-1 infection and/or AIDS disease pathogenesis. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Given the importance of SDF-1 in various metabolic and developmental activities, we examined the allele frequencies and haplotype structure of nine SNPs in and around the SDF-1 gene. In addition, given the important role played by SDF-1 and CXCR4 in HIV-1/AIDS, we looked for the influence of genetic variation in these SNPs and haplotypes on disease in over 3000 subjects enrolled in five USA-based natural history HIV-1/AIDS cohorts.
Materials and methods

Study participants
Individuals were enrolled in five longitudinal cohorts. ALIVE-The ALIVE cohort is a community-based prospective cohort study of injecting drug users at least 18 years of age in Baltimore, Maryland. The study was initiated in 1988 and follow-up continued through 2000 with semiannual visits. The median age at seroconversion was 35 years of age, 24% are women. The racial distribution is 7.6% European American (EA) and 92.4% African American (AA). 41 HGDS-The multicenter HGDS is a US-based hemophilia cohort study with participants ranging from 6 to 19 years in age. The cohort consists of 126 uninfected and 207 HIV-1-infected participants who became infected through exposure to blood products between 1982-1983. In the HIV-1-infected cohort, CD4
þ T cells were measured semi-annually and HIV-1 RNA and HCV RNA were collected annually for 7 years follow-up. The racial distribution is similar to the general population, with 72% European Americans, 15% Hispanic, 11% AA, and 2% other. 42, 43 The Multicenter Hemophilia Cohort Study (MHCS)-MHCS is a multicenter prospective longitudinal cohort study enrolling hemophilia patients, 99% of whom are male, from 17 American or European treatment centers beginning in September 1982. CD4 þ T cells were measured at 6-12-month intervals. Approximately 32% of the cohort was less than 16 at the time of enrollment, 34% were between the ages of 16 and 26, and 34% were between 27-69. The racial distribution is 90% EA, 6% AA, 3% Hispanic, and 1% other. 44 The Multicenter AIDS Cohort Study (MACS)-MACS is a US-based ongoing prospective study of HIV-1 infection in adult (ages 18-70) homosexual and bisexual men in Baltimore, Chicago, Pittsburgh, and Los Angeles enrolled between 1984 and 1991. The group consists of 2195 infected individuals, 575 seroconverters, and 3427 seronegatives at enrollment, of whom 575 subsequently seroconverted. CD4 þ T cells were obtained at semiannual visits. The racial distribution is 83.3% EA, 10% AA and 5% Hispanic, and 2% other. 45, 46 SFCC-The SFCC is a prospective study of the natural history of HIV and AIDS conducted in adult homosexual and bisexual men enrolled in 1978-1980 for studies of hepatitis B (HBV), followed by a HBV vaccine trial in 1980-1983. Recruitment into the SFCC for follow-up studies of HIV and AIDS began in 1983-1992. CD4
þ T cell counts were measured at 6-12-month follow-up visits. The HIV-infected men included in this analysis were either HIV-positive at enrollment, or had intervals between the last negative and first positive HIV antibody test results of at most 2 years. This cohort contains 211 individuals, 203 of whom are EA. 47 Individuals were classified as HIV-1 seroprevalents (infected at study enrollment), seroconvertors (infected after study enrollment), and seronegatives (negative result with HIV-1 antibody test). The seroconversion date was estimated as the midpoint between the first positive HIV-1 and last negative antibody test dates. The EA seroconvertors had a follow-up range of 0.83 months to 14.7 years, with a mean follow-up of 9.47 years. The high-risk exposed, uninfected (HREU) group contained homosexual men exposed through receptive anal intercourse with multiple partners, 45 hemophiliacs who received contaminated factor VIII prior to the initiation of heat treatment in 1984, 48 and needle-sharing injecting drug users. 49 A total of 2003 EA (217 seronegatives, 1141 seroprevalents, and 668 seroconvertors) and 1073 AA (166 seronegatives, 626 seroprevalents, and 294 seroconvertors) were genotyped for nine SNPs ( Figure 1 , Table 1 ). A larger number of individuals was genotyped for rs1801157 ( ¼ SDF1-3 0 A) due to the availability of nonrenewable DNA (see Table 2 ).
SNP discovery and genotyping
The human SDF-1 gene contains four exons and is located at chromosome 10q12 ( Figure 1 ). In order to identify SNPs that might significantly influence primary protein structure, the coding regions of all four exons and 600 bp of DNA upstream of the initiation codon and downstream of the termination codon were screened for SNPs in genomic DNAs from 72 AA and 72 EA using the single-strand confirmation polymorphism (SSCP) (described in Modi et al
)
). In addition, the coding regions of 24 individuals from each racial group were resequenced. SNPs ultimately genotyped were obtained from these surveys, from dbSNP (http://ncbi.nih.gov/ SNP/) and from Applied Biosystems (http://www. appliedbiosystems.com). Genotyping was performed using PCR-RFLP followed by agarose gel electrophoresis or Taq Man allelic discrimination. 36 Statistical analyses. Haplotypes were estimated in compound heterozygotes using the PHASE program. 51 Genotype and haplotype frequencies were compared between HIV-1-infected seroconvertors and HREU with two-tailed Fisher's exact test (FET) and logistic regression assuming dominant, additive, and recessive genetic models using SAS (Statistical Analysis System, Cary, NC, USA) software, and nominal P-values are reported in Tables 2 and 3 . Cox proportional hazards regression assessed rates of progression among HIV-1-infected seroconvertors using SAS. Three end points reflecting advancing HIV-1 disease progression were evaluated: AIDS 1993 (CD4o200 or AIDS-defining condition), 52 AIDS 1987 (AIDS-defining condition), 52 AIDS-related death during follow-up for an HIV-1-infected participant. Cox analyses were performed both for unadjusted (using the genotype or haplotype alone) or adjusted (considering the genotype or haplotype as a covariate along with the following AIDS-modifying genetic factors, for EA: CCR5-D32, CCR2-64I, HLA-B*27, HLA-B*57, HLA-B*35Px, and HLA class I zygosity; for AA: HLA-B*57, HLA-B*35Px, and HLA class I zygosity). 17, 30, 31, 53, 54 Participants were stratified by sex (7.6% female), and age at seroconversion: 0o20, 20-40, and over 40 years. The censoring date was the earliest of the last recorded visit, or December 31, 1995 for the MACS, MHCS, HGDS, or SFCC, or July 31, 1997 for the ALIVE cohort to avoid potential confounding by highly effective antiretroviral therapy (HAART). A later date was used for the ALIVE cohort because administration of HAART was delayed in this group. 55 
Table 1
Gene positions and PCR primer and probe sequences for nine SNPs genoytped in the SDF-1 
Results and discussion
Our SSCP and resequencing surveys, and inspection of build 122 from NBCI's dbSNP database, failed to identify any nonsynonymous SNPs in this gene. A total of nine SNPs spanning 20 230 bp were successfully genotyped in 3076 AA and EA DNA samples. Two of these SNPs were located in the 5 0 region of the gene, four were in introns, and three were in the 3 0 UTR (Table 1, Figure 1 ). Allele frequencies for most of the nine SNPs differed substantially between AA and EA ( Figure 1 ). For example, rs2297630 had a frequency of 0.056 in AA and 0.262 in EA. In total 23, haplotypes were estimated in both racial groups using the PHASE program; however, only six or five haplotypes were present at frequencies greater than 5% in AA and EA, respectively ( Figure 1 ). As predicted from inter-racial differences in allele frequencies, haplotype frequencies differed considerably between AA and EA as well. For example, haplotypes V and VI were present at frequencies of 0.065 and 0.057 in AA, but at frequencies of 0.211 and 0.257 in EA. Variant alleles at six of the SNPs were found largely on only one haplotype in both racial groups: rs17156287 on haplotype VIII, ss46566436 on haplotype XX, rs2839693 on haplotype II, rs2297630 on haplotype VI, rs1801157 (SDF1-3 0 A) on haplotype V, and rs2522 on haplotype IV. On the other hand, the remaining three SNPs (rs754618, rs266085, rs1065297) occur at appreciable frequencies on more than one haplotype. For example, rs754618 was found on haplotypes VI and VII in AA at frequencies of 0.057 and 0.046, respectively, while rs266085 was found on haplotypes V, VIII, and XX in EA at frequencies of 0.211, 0.089, and 0.034, respectively. Interestingly, these three SNPS were the first, fifth, and ninth SNPs in the study, and thus their presence on multiple haplotypes in both racial groups cannot be explained by a simple pattern of recombination. As a result of the distribution of the nine SNPs on the common (45%) haplotypes, only three haplotypes (I, III, and VII) had to be examined independently of the individual SNPs in the subsequent association analyses (Figure 1) .
Although all of the individuals examined here were enrolled in HIV-1/AIDs cohorts, the results may be compared with a recent study that examined SDF-1 haplotype structure based upon 14 SNPs and one INDEL in an unaffected Indonesian population. 56 Only three of their SNPs overlap those studied here (5887 ¼ rs2839693, 6201 ¼ rs266085, and 12197 ¼ rs1801157), and Indonesian allele frequencies of 0.067, 0.405, and 0.486 differ considerably from the frequencies seen in AA and EA (Figure 1) . In all three racial groups (Indonesians, AA and EA) rs2839693 was found on only one common (45%) haplotype, while rs1801157 was found on two common haplotypes in Indonesians and only on one in AA and EA. In the three populations, rs266085 was present on several haplotypes. Other haplotype variation was reported when two additional unaffected Indonesian subpopulations were compared. 56 These results underscore the independent demographic and selective histories experienced by different populations throughout the world, and emphasize the need for carefully controlled disease association studies where population substructure is taken into consideration.
To test for possible genetic influences on susceptibility to HIV-1 infection in the AA and EA populations, genotype and haplotype frequencies were compared between HIV-1-infected seroconvertors and HREU from the five cohorts combined stratified by race. No statistically significant associations with any SNP or haplotype were observed when 81 AA HREU were compared to 294 AA HIV-1-positive seroconvertors (AA are largely from the injecting drug using ALIVE, with about 10% from the homosexual MACS), assuming a dominant genetic model (Table 2) .
However, among the EA from all cohorts combined (homosexual MACS, hemophilic MHCS, hemophilic HGDS and homosexual SFCC) when 145 HREU were compared with 668 EA HIV-1-positive seroconvertors, rs754618 was associated with increased susceptibility to infection (OR ¼ 1.50, P ¼ 0.03) ( Table 2) . rs754618 is present on five haplotypes, two of which (haplotypes VI and XX) are present at frequencies greater than 1%. However, neither haplotype VI nor XX is itself significant; thus, this association appears to be attributable to rs754618 itself. rs1801157 ( ¼ SDF1-3 0 A) was associated with protection against infection (OR ¼ 0.63, P ¼ 0.01) among all EA cohorts combined, and is present only on haplotype V. As a result, this protective effect appears to be attributable to rs1801157 itself. Since rs754618 and rs1801157 ( ¼ SDF1-3 0 A) show opposite results in the association tests and do not appear together on a common haplotype, their effects are complementary.
To address differences between EA cohorts in susceptibility to infection, the influence of each SNP was examined in the two larger cohorts separately, the MHCS (175 HIV-1-positive seroconvertors, 29 HREU) and the MACS (412 HIV-1-positive seroconvertors, 83 HREU). Under a dominant genetic model, only the MHCS showed a significant association for susceptibility to infection with rs754618 (MHCS: OR ¼ 2.41, P ¼ 0.05; MACS: OR ¼ 1.28, P ¼ 0.34). The MACS was significantly associated with rs1801157, whereas the MHCS was not (MHCS: OR ¼ 0.62, P ¼ 0.23; MACS: OR ¼ 0.56, P ¼ 0.02). These disparities between cohorts in significance of the observed associations may reflect differences in the mode of infection (mucosal vs parenteral), or differences Haplotype analysis of SDF-1 (CXCL12) gene WS Modi et al in power due to size: the MACS is a larger cohort. However, in both the MHCS (OR ¼ 0.62) and the MACS (OR ¼ 0.56), the positive effects of rs 1801157 (SDF1-3 0 A) are remarkably similar.
Cox proportional hazards regression assessed rates of progression to AIDS and death for 668 EA and 294 AA seroconvertors from all cohorts combined stratified by race under a dominant genetic model (Table 3 ). In the AA, two SNPs were each associated with a single outcome (rs754618 with AIDS-93, RH ¼ 1.83, P ¼ 0.004; and rs2297630 with AIDS-93, RH ¼ 1.88, P ¼ 0.02). Haplotype VII, one of several haplotypes that carry the rs754618 and rs266085 alleles, was associated with an increased rate of progression to death (RH ¼ 3.30, P ¼ 0.02). Considering all EA cohorts combined, there were no significant associations between any SNP and disease progression, assuming a dominant genetic model (Table 3) . Previously, 17 we reported a significant influence of rs1801157 ( ¼ SDF1-3 0 A) on disease progression, assuming a recessive (homozygous) genetic model using a smaller number of EA seroconvertors (n ¼ 639) than that examined here (n ¼ 768). Repeating the analysis assuming a recessive model with the larger sample size, rs1801157 ( ¼ SDF1-3 0 A) was associated with decreased rates of progression to AIDS-87 (RH ¼ 0.45, P ¼ 0.04) and death (RH ¼ 0.37, P ¼ 0.03) ( Table 3) . Although not significant, we observed a similar trend between progression to AIDS and death for the group of participants added to the study after the 1998 publication (RH ¼ 0.4, 0.6, 0.4, P40.07, for AIDS 1993, 1987, and death, respectively). In the MACS, this SNP was associated with decreased rates of progression to AIDS-87 (RH ¼ 0.31, P ¼ 0.02) and with death (RH ¼ 0.18, P ¼ 0.02), while none of the end points was significantly associated in the MHCS or any other individual cohort.
In this study, we report a comprehensive survey of SDF-1 SNP frequencies and haplotype structure in EA and AA HIV-1/AIDS cohort participants. The SDF-1 gene, like other chemokine genes, is highly conserved and no nonsynonymous SNPs have yet been reported. On the other hand, noncoding SNPs and haplotype frequencies are quite variable in AA, EA, and Indonesians, suggesting that genetic drift, recombination, and even natural selection have acted on these noncoding but potential regulatory regions to create substantial genetic variability throughout the world. In addition, the role of genetic variation in HIV-1 susceptibility and progression to AIDS in a prospective cohort study was presented. Although the function of genetic variants of SDF-1 on HIV-1 infection and progression to AIDS remains unclear, these data provide additional support that this gene has a modest influence on HIV-1 infection and progression to AIDS in EA and AA populations, particularly the effects of rs1801157 ( ¼ SDF1-3 0 A) with respect to protecting against infection and delaying disease progression in the MACS.
We observed different results for the effects of genetic factors on HIV-1 infection and progression to AIDS between EA and AA, and between the MACS and MHCS, the two larger EA cohorts. This is to be expected since we are considering a very complex biological system. The cohorts belong to different risk groups (gay men, hemophiliacs, injecting drug users) and thus have different routes of exposure, different age ranges, different access to medical care, different environmental exposures, different follow-up time, and different enrollment strategies. Also, the cohorts have inherent ascertainment biases that confound results. For example, seroprevalent studies usually have a frailty bias of overrepresentation of slow or nonprogressors and underrepresentation of very rapid progressors. In this regard, seroconverter cohort studies such as the one presented here are more robust, but they may be biased in different ways. For example, if samples were not collected or stored at early visits, rapid progressors may be underrepresented. In this vein, we were unable to obtain DNA from the MHCS cohort members who already had advanced immunodeficiency upon enrollment: this created a frailty bias. In addition, the SFCC enrolled people who were among the earliest seroconverters (from late 1970s), but they had to be living in 1987 to provide a blood sample; thus, this cohort is strongly biased towards long-term survivors. However, this is not true for the ALIVE and the MACS, where nearly every seroconverter present in these cohorts is represented in our collection of DNA samples.
